Defining protein-protein interactions is essential for understanding the mechanisms by which cells regulate basic functions, such as metabolism, transcription, and signal transduction. Affinity purification followed by tandem mass spectrometry (AP-MS) has application for discovery of new interactors regulating various cellular processes. Here we optimize the purification method for AP-MS and develop a simplified unbiased analytical tool, Z-score plus prey occurrence and reproducibility (ZSPORE) for data analysis. Using this pipeline we achieve a higher efficiency of AP-MS and enhanced identification of high confidence interacting proteins (HCIP) in mammalian cells. When applied to analysis of the innate immune interactome, these methods enhanced HCIP identification. In addition, we investigated the GRB2 complex, which is associated with signal transduction and cell growth. Twenty-four known GRB2 interacting proteins were identified plus 26 new GRB2 binding partners. Thus, these straightforward methods recapitulate known protein interactions, discover novel complexes, and allow mapping of protein interaction networks.
Introduction
Analysis of protein-protein interaction has contributed numerous insights for understanding the regulation of antiviral defense, DNA repair, autophagy, and immune signaling pathways. Discerning how proteins interact in complex and dynamic networks is a key for dissecting the complexity of many genotype-to-phenotype relationships. Proteomics has emerged as a powerful tool to analyze multicomponent complexes formed under close to physiological conditions. Among various proteomic based methods, affinity purification followed by tandem mass spectrometry (AP-MS) has proven to be highly successful for identification of interacting proteins. Using (Continued on page 10) Shitao Li 1, * and Martin E. Dorf this approach, global wide interactomes have been established in Escherichia coli [1] , Mycoplasma pneumonia [2] , Saccharomyces cerevisiae [3] [4] [5] , Drosophila melanogaster [6] , and HIV-host [7] . In vertebrates AP-MS has been used to define proteomic subspaces and specific signal pathways for the antiviral innate immunity pathway [8] , autophagy [9] , deubiquitinase interactome [10] , endoplasmic reticulum-associated protein degradation network [11] , tumor necrosis factor signaling [12] , proteasome interaction network [13] , and disease related protein networks [14] .
Various affinity tags have been employed for protein purification, but the FLAG and HA epitopes remain the most popular tags for AP-MS in mammalian cells. To optimize the AP-MS method, we compare purification strategies using the FLAG and HA tags. We also compare the efficacy of single versus tandem FLAG-HA purification on identification of high confidence interacting proteins (HCIP).
Unfiltered AP-MS data include many contaminating or non-specific binding proteins (NSBP). Computational tools are required for the processing of AP-MS data and elimination of NSBP. Programs such as Comp-PASS [10] , SAINT [15] , and Mist [7] have been used for analysis of AP-MS data. However, these sophisticated tools are designed for a single dataset with high interconnectivity. Furthermore, existing computational strategies often require complex statistical analysis and introduce empirical rules for elimination of contaminating proteins. We now describe a simplified, unbiased efficient statistical method, Z-score plus prey occurrence and reproducibility (ZSPORE) for identification of HCIP.
Using this pipeline we achieve a higher efficiency of AP-MS and robust identification of HCIP. This optimization of affinity purification efficiency plus the newly designed ZSPORE scoring system facilitates enhanced identification of protein complexes.
Results and Discussion

Optimization of AP-MS in mammalian cells
The availability of high affinity monoclonal antibodies against the HA and FLAG epitope tags has led to their frequent utilization for affinity purification of protein complexes. These are the most commonly used epitopes for mapping the proteome. To compare the efficacy of these epitopes for affinity purification, FLAG and HA fusion proteins were purified in parallel. The bait proteins used for optimizing affinity purification included MDA5
and other well-known components of the innate immunity network [8, 16, 17] shown by silver staining ( Figure 1A ). Quantitative analysis of band intensity demonstrated that purification from anti-FLAG conjugated beads yielded 6.8 fold more protein than anti-HA beads ( Figure 1A ). Furthermore, purification with anti-FLAG beads pulled down several additional bands ( Figure 1A the efficacy of tandem purification using three additional proteins associated with the innate immune signaling pathway (NAP1, IRF3, and SINTBAD). The number of total interactors was dramatically reduced in all protein complexes isolated by TAP purification. However, the ratio of HCIP to total prey did not increase. Consistently, more HCIP were detected by single step affinity purification ( Figure 1B ). In brief, tandem purification reduces the NSBP at the price of HCIP loss.
Design of ZSPORE scoring system
As with many screening methods, unfiltered AP-MS data contain many non-specific binding proteins caused by binding to the antibody coated beads, epitope tag, aggregation, or carryover from prior MS runs. Several computational tools have been developed for processing AP-MS data to eliminate NSBP and identify HCIP [7, 10, 15] .
We aimed to create a simplified method for analysis of AP-MS data. Three main parameters (protein abundance, the frequency of observed protein in the database, and reproducibility) were combined to generate an algorithm. Total spectral counts (TSC) have gained acceptance as a practical, label-free, semiquantitative measure of protein abundance for proteomic studies [19, 20] . We adopted the Z-score statistic to analysis. The flowchart of ZSPORE is shown as in Figure   2A and a detailed description is provided in Materials and Methods.
We first evaluated the performance of ZSPORE using our published database of Human Innate Immunity Interactome for type I Interferon (HI5) [8] . (Table S1 ). In total 279 HCIP forming 415 total interactions were identified using ZSPORE compared with 425 interactions detected by ANOVA (Table S1 ).
The high overlap of 390 interactions between the ANO-VA and ZSPORE analyses validates the efficiency of ZSPORE ( Figure 2B ). We examined the overlap between ZSPORE and experimental findings by comparing the interactions in public databases and interactions verified by co-immunoprecipitation (co-IP). As shown in Figure   2C , ZSPORE verified 88 out of 92 known interactions reported in the BioGRID and/or STRING databases.
ZSPORE also confirmed 107 out of 110 interactions detected by co-IP and reported in our previous study [8] .
In total, > 96% (195 of 202) verified and known interactions detected with the ZSPORE strategy were validated. This is an improvement over the previous ANOVA-based computational approach [6] . 
GRB2 complex purification and identification
To evaluate the ability of the ZSPORE strategy to identify novel HCIP, we applied these tools to a well- 
Freely Available Online
calculated based on the maximum TSC of each prey among 4 independent MS runs and analyzed against our current database of 211 protein complexes (Table S2 and unpublished data). Increasing the size of the core database allows one to apply greater flexibility or stringency in selecting HCIP. 73 preys showed Z-scores higher than 2 (p< 0.05). Next we investigated prey occurrence; one prey was filtered out based on its occurrence in >7% in our database. Reproducibility of GRB2 data revealed 54 preys (79%) appeared at least twice out of 4 MS runs. Finally, 4 proteins with only one peptide hit were removed. Taken together, we identified 50 HCIPs associated with GRB2 (Table 1) .
Cytoscape software was used to visualize the interconnectivity of the GRB2 complex and combine the Freely Available Online hits. DIAPH1 is involved in MEMO1-RHOA-DIAPH1 signaling pathway, which plays an important role in ERBB2-dependent stabilization of microtubules at the cell cortex [24] . Since GRB2 is an adaptor of EGFR receptors, GRB2 may bridge DIAPH1 to ERBB2. Functional categorization of GRB2 interactors suggests that GRB2 not only plays a role in growth receptor pathways like ERBB and VEGF, but also crosstalks with the JAK-STAT, mTOR, and immune cell receptor signaling pathways ( Figure 5B ). Another interesting novel GRB2 binding partner is ARAP1 (Arf-GAP with Rho-GAP domain, ANK repeat and PH domain-containing protein 1). ARAP1 is strongly associated with GRB2 (61 peptide counts). ARAP1 is a PIP3
-dependent Arf GAP that regulates Arf-, Rho-, and Cdc42
-dependent cell activities [25] . Furthermore, analysis of the domains contained among GRB2 interactors found several novel GRB2 interactors share domains with previously established interactors ( Figure 5C ). For example,
(Continued on page 17) 
Materials and Methods
Cells and Reagents.
HEK293 cells were purchased from ATCC. Human GRB2 cDNA was ordered from PlasmID (Dana-Farber, Boston).
Antibodies specific for FLAG and HA were purchased from Sigma Chemical Co (St. Louis, MO).
AP-MS Procedures
Bait Cloning. MDA5-N (1-294), TBK1, NAP1, IRF3 and SINTBAD were tagged with HA-FLAG double tag as detailed elsewhere [8] . GBR2 cDNA was tagged with FLAG epitope. All these cDNA were cloned into mammalian 
ZSPORE Evaluation of Mass Spectrometry Data
The methods and criteria used to remove non-specific binding proteins (NSBP) and identify high confidence interacting proteins (HCIP) include ( Figure 2A ):
(2) each Xi,j (prey i interacts with bait j) based on the maximum total spectral counts (TSC) of 4 MS runs.
Using the formula Z = (X -μ) / σ where Z is the z-score, X is the value of the element, μ is the population mean, and σ is the standard deviation. Bioinformatics Analysis. 
